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CHAPTER 8-8
TROPICS: ELEVATION

Figure 1. Elevational vegetation differences at Tangkoko National Park, North Sulawesi, Indonesia. Photo by Lip Kee Yap,
through Creative Commons.

Elevation
First, a definition. Merriam-Webster defines elevation
as "the vertical elevation of an object above a surface (such
as sea level or land) of a planet."
Although most of us use altitude and elevation
interchangeably, for clarity in science we need to be precise
and consistent. In fact, in Italian, they have the opposite
meanings from usage in English. Hence, I shall try to use
them based on the publication in Oecologia by McVicar
and Körner (2013). "Elevation is the vertical distance
between a point on the land surface and a reference point,
usually taken to be the mean sea level. Altitude is the
vertical distance between an object (e.g., a bird, aircraft, or
parcel of air) and a reference point or stratum, where the
object is not in direct contact with the reference
point/stratum. The reference point/stratum is usually either
the mean sea level (e.g., as often used by commercial
airlines) or the land surface (at whatever elevation), which

is often used when describing the altitude of a parcel of air,
for example. Height is the vertical distance between
(usually) the top of an object (e.g., a tree, building, person,
or Stevenson screen) and the land surface, where the object
is in direct contact with the ground. It is therefore a
measure of how far something vertically protrudes above
the land surface."
The changes with elevation are multifold (Figure 1,
leading to various hypotheses on the identity of the
controlling factors for vegetation. These differences
include distinct elevational thermal zones, differences in
floristic composition and functional forms with both
elevation and windward versus leeward slopes, differences
in seasonal monsoon wind systems, and isolation of
montane forests that cause them to behave like islands
(Ohsawa 1995). In addition to these, we will soon see that
available moisture is a significant factor. Troll (1948)
diagrammed the vegetation zones as they relate to latitude
and elevation (Figure 2).
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latitudinal diversity gradient in liverworts and hornworts
(Figure 4) (Wang et al. 2016).

Figure 2. Elevation vs. latitude of vegetational zones.
Modified from Troll 1948.

Santos et al. (2014) considered the possibility of using
liverworts to indicate elevational zonation in the Brazilian
Atlantic Forest. Among those species found, 34 appeared
to be good indicators of the Atlantic Forest groups. Among
the 26 localities in the study, the beta diversity [ratio
between gamma (regional) and alpha (local) diversities, i.e.
effective number of distinct compositional units in the
region] shows a deterministic distribution along the
Atlantic coast in southeastern Brazil. Elevation has a
significant role in determining the species, with five
floristic groups emerging. The important variables are
elevation, temperature, and precipitation. But in regions
such as oceanic islands and coastal mountains, geographic
distance is important.
Santos et al. (2017) used a short elevational gradient
from 10 m to 1170 m asl in southeastern Brazil to assess
changes in bryophyte communities. Using six elevational
belts, they sampled ten 10 x 10 m subplots located
randomly in a 1-ha forest plot at each elevation in the
survey. This revealed 253 species. Richness did not vary
significantly with elevation and floristic similarities among
the elevations were all greater than 50% except the
mountaintop forest, which had a similarity of less than
35%. Endemism (ecological state of species being unique
to defined geographic location) increased with elevation
and amplitudes of the phytogeographical patterns of species
decreased as the elevation increased. It is interesting that
dioicous (sexes on separate plants) species predominated in
all elevations sampled and that the smallest
dioicous:monoicous ratio was at mid elevations.
At an early date, Seifriz (1924) showed differences in
elevational distributions of mosses on Mt. Gedeh, Java
(Figure 3). Frahm et al. (2003) contended that bryophytes
were good indicators of elevational zones in rainforests.
Based on the reaction of bryophytes to climatic factors,
Frahm and coworkers considered the bryophytes to be
especially good as indicators of climatic changes. In the
tropical rainforests, they have several advantages over
flowering plants. The bryophytes are less numerous, have
considerably fewer species worldwide, with no more than
5000 species in the Neotropics. Many of the species occur
throughout the Neotropics. Recent studies verify the

Figure 3. Mount Gede, Java.
through Creative Commons.

Photo by Afrogindahood,

Figure 4. Latitudinal distribution of liverwort and hornwort
species richness. Modified from Wang et al. (2016).

We find that at greater latitudes the bryophyte
communities become more like those at greater elevations
near the Equator (Gradstein & Pócs 1989). Comparing
high mountains in Colombia, Peru, Borneo, and Papua New
Guinea, Gradstein and Frahm (Gradstein & Frahm 1987;
Frahm 1990c, d; Frahm & Gradstein 1991) identified
similar elevational zonations of bryophytes indicating
lowland forest (Figure 5), submontane forest, upper
lower montane forest, montane forest (Figure 6), and
subalpine forest. These zones seem to be correlated
primarily with climate (precipitation, air temperature),
rather than with substrate (van Reenen & Gradstein 1983).
Bryophyte diversity and abundance both increase from
lowlands to montane regions (Figure 7) (van Reenen &
Gradstein 1983; Gradstein & Pócs 1989; Frahm 1990b). A
similar pattern occurs in Madagascar (Figure 8) (Lewis et
al. 1996) and Brazil (Pôrto 1992), with an increase in
bryophyte and lichen cover and diversity as elevation
increases. The distribution patterns of bryophytes through
the elevational zones of the humid tropics mimics that of
the ferns, which similarly have their highest species
numbers in the lower montane forests (Kessler 2000 –
Andes, Bolivia & Colombia; Hemp 2002 – Mt.
Kilimanjaro, Tanzania).
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Figure 5. Lowland rainforest, Rio Dantas, Costa Rico.
Photo by Natox, through Creative Commons.

Figure 6. Montane and upper montane forests, Parque
Nacional de Itatiaiae, Brazil. Photo by Gabriel R. Vallim.

Figure 7. Species curve along an elevational transect in
Colombia. Modified from van Reenen & Gradstein 1983.

Figure 8. Mountains of Tsingy de Bemaraha, Madagascar.
Photo from Travel Tuesdays to Madagascar, through Creative
Commons.

Another important observation for the tropical
distributions of species with elevation is that for most
species the habitat preferences are comparable to those at
higher latitudes (Gradstein & Vána 1987). Nevertheless,
some occupy quite different habitats in the tropics, such as
Diplophyllum obtusatum (Figure 9), Solenostoma
sphaerocarpum (Figure 10), and Schistochilopsis incisa
(Figure 11). Whereas these may be found in pristine
habitats at higher latitudes, they are colonizers of manmade habitats in the tropics. Some species that are
especially common (and typically have relatively wide
niches and/or distributions) extend from tropical elevations
to northern habitats.
From peat bogs, Sphagnum
magellanicum (Figure 12) and S. cuspidatum (Figure 13)
fit this description. Rock outcrops in both latitudinal and
elevational extremes can have Racomitrium lanuginosum
(Figure 14) and Andreaea rupestris (Figure 15) as well as
Racomitrium crispulum (Figure 16) and Rhacocarpus
purpurascens (Figure 17) from southern latitudes. Mires
typically have Calliergonella cuspidata (Figure 18), and
Scorpidium scorpioides (Figure 19), whereas less boggy
ground may have Pleurozium schreberi (Figure 20).
Tropical roadsides often have Schistochilopsis incisa and
Solenostoma sphaerocarpum. On periodically submerged
rocks one can find the ubiquitous Platyhypnidium
riparioides (Figure 21), Brachythecium plumosum (Figure
22), and Schistidium rivulare (Figure 23), along with the
southern latitude Clasmatocolea vermicularis (Figure 24)
and Cryptochila grandiflora (Figure 25).
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Figure 12. Sphagnum magellanicum, a species that occurs
in the tropics as well as at higher latitudes, in bogs and poor fens.
Photo by Michael Lüth, with permission.
Figure 9. Diplophyllum obtusatum, a species that occurs in
the tropics as well as at higher latitudes, but with a different
habitat. Photo by Paul Davison, with permission.

Figure 10. Solenostoma sphaerocarpa, a species that occurs
in the tropics as well as at higher latitudes, but with a different
habitat. Photo by Michael Lüth, with permission.

Figure 11. Schistochilopsis incisa, a species that occurs in
the tropics as well as at higher latitudes, but with a different
habitat. Photo by Michael Lüth, with permission.

Figure 13. Sphagnum cuspidatum, a species that occurs in
the tropics as well as at higher latitudes, in bogs and poor fens.
Photo by Michael Lüth, with permission.

Figure 14. Racomitrium lanuginosum, a species that occurs
on rock outcrops in both latitudinal extremes, as well as the
tropics. Photo by Janice Glime.
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Figure 15. Andreaea rupestris, a species that occurs on rock
outcrops in both latitudinal extremes, as well as the tropics. Photo
by Michael Lüth, with permission.

Figure 16. Racomitrium crispulum, a species that occurs on
rock outcrops in both latitudinal extremes, as well as the tropics.
Photo by Jan-Peter Frahm, with permission.

Figure 17. Rhacocarpus purpurascens, a species that occurs
on rock outcrops in both latitudinal extremes, as well as the
tropics. Photo by Michael Lüth, with permission.

Figure 18. Calliergonella cuspidata, a typical mire species
that occurs at high latitudes as well as the tropics. Photo by Des
Callaghan, with permission.

Figure 19. Scorpidium scorpioides, a typical mire species
that occurs at high latitudes as well as the tropics. Photo by
Janice Glime.

Figure 20. Pleurozium schreberi, a typical mire species that
occurs at high latitudes as well as the tropics and elsewhere.
Photo by Janice Glime.
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Figure 21. Platyhypnidium riparioides, a rock-dwelling
species that is periodically submerged in both high latitudes and
the tropics. Photo by Michael Lüth, with permission.

Figure 22. Brachythecium plumosum, a rock-dwelling
species that is periodically submerged in both high latitudes and
the tropics. Photo by Michael Lüth, with permission.

Figure 23. Schistidium rivulare with capsules, a rockdwelling species that is periodically submerged in both high
latitudes and the tropics.
Photo by Michael Lüth, with
permission.
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Figure 24. Clasmatocolea vermicularis, a rock-dwelling
species that is periodically submerged in both high southern
latitudes and the tropics. Photo by John Engel, through Creative
Commons.

Figure 25. Cryptochila grandiflora, a rock-dwelling species
that is periodically submerged in both high southern latitudes and
the tropics. Photo by Felipe Osorio-Zúñiga, with permission.

Ah-Peng et al. (2007) demonstrated elevational
gradients in bryophyte diversity on a 19-year-old lava flow
in La Réunion. Because the lava flow is a uniform
substrate, it provides an ideal opportunity for studying
elevational effects without interference by substrate
differences. Using quadrats in the range of 250-850 m asl,
they determined that diversity increases with elevation, a
pattern that occurs in many studies cited in this chapter.
Nevertheless, a variety of available host plants seems to be
important in fostering diversity (70 species) of epiphytic
bryophytes on the lava flow.
In the Andes of Peru and Colombia, Kessler (2000)
found floristically discrete communities that corresponded
with elevational belts.
He found that the floristic
boundaries related to strong changes in orography
(topographic relief of hills and mountains). These included
the transition from the hilly lowland to the steep mountains,
a co-occurring change in geological substrate at 400 m, a
strong humidity gradient at 1,000 m on the Bolivian
transect and at 1,250-1,980 on the Colombian transect, and
the transition from mixed cloud forests to forests
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dominated by Polylepis (Rosaceae; Figure 26) or
Podocarpus (a broad-leafed evergreen conifer; Figure 27).
In relatively species-poor forest communities, the presence
or absence of a few tree species influences the whole
ecosystem. By contrast, in species-rich communities such
as the forests at low to mid elevations, the elevational belts
are ill-defined.

Figure 26. Polylepis tarapacana, a dominant tree in the
cloud forest in Colombia. Photo by Rodrisan, through Creative
Commons.

Figure 27. Podocarpus, a broad-leaved evergreen conifer in
the mixed cloud forests of Colombia. Photo by Koppchen,
through Creative Commons.

In 2017, von Konrat stated that his study of elevational
bryophyte communities in the Fiji Islands was the first of
its kind for Fiji. Von Konrat assessed presence/absence on
the lower stems of the Calophyllum spp. (Figure 28) trees
and on tree ferns at three elevations (~160 m, 590 m, and
1,260 m). Unlike the Uganda study of Tusiime et al. (2007
– see below), this one revealed a hump-shaped diversity
distribution (Figure 7), with the greatest species richness in
the mid elevation or upland forest. Liverworts dominated
at all three elevations. The bryophyte communities were
distinctly different at both the host tree level and among the
three elevations.

Figure 28. Calophyllum brasiliense, a bryophyte host in the
Fiji Islands. Photo by Mauro Halpern, through public domain.

Churchill et al. (1995) reported a moss diversity for the
tropical Andes of 2,058 species comprised of 343 genera
and 75 families. However, they considered that once the
systematics are understood, and superfluous species are
reduced to synonymy, this number is likely to drop to
1,500-1,700. The tropical Andes have a moss flora that is
approximately eight times as rich in species as that of the
Amazon basin. While α diversity (site diversity) may be
similar, β diversity (differences in species composition
among sites) and γ diversity (landscape diversity) in the
Andes are much greater. These differences are largely due
to orographic factors (relating to mountains, especially
regarding position and form) (see also Pócs 1976).
Nevertheless, the mosses do not seem to follow the
latitudinal species gradient shown by other species groups.
That is, there is no increase in number of species from the
poles to the equator.
Despite these high numbers, one habitat had typically
been overlooked in the early studies:
the canopy.
Particularly in the lowland rainforest, the canopy (Figure
29) houses a rich diversity with many species that are
unique to the high canopy (Gradstein et al. 1990). In fact,
these canopies can house more than 50% of the local
species, as discussed in the sub-chapter on epiphytes.
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Figure 29. Lowland rainforest tree, Colombian Amazon.
Photo by Laura Campos, through Robbert Gradstein.

Campylopus pilifer (Figure 30) is broadly distributed
and drought-tolerant and is found at high elevations in the
tropics (Gradstein & Sipman 1978; Stech & Wagner 2005).
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Uganda, using 1000-m transects with 1x1 m quadrats at 50
m intervals. In contrast with some of the Neotropical
studies, richness of bryophyte species was negatively
correlated with elevation. The exception to this was the
thalloid liverworts, which increased with elevation.
Streamside diversity was the highest, compared to that
along trails. The evergreen forest had the greatest
bryophyte richness, followed by the mature mixed and
bamboo forests.
Additional studies discuss the effects of elevation on
the bryophyte vegetation. Hedberg (1951) examined
bryophytes in vegetation belts in the East African
mountains and Pócs (1984) on Kilimanjaro. Bryant et al.
(1973) demonstrated habitat differences among liverworts
in ten areas of the Luquillo Mountains of Puerto Rico. Van
Reenen and Gradstein (1983, 1984) investigated
distribution and ecology on an elevational gradient in the
Andes and on the Sierra Nevada de Santa Marta of
Colombia; van Reenen (1987) reported on elevational
zonation. Wolf (1989) reported on abundance of epiphytic
communities along an elevational transect in the Cordillera
Central, Colombia.
In some cases, soils may play a role in determining
differences in bryophyte communities. Grieve et al. (1990)
compared soils in six primary forest plots at 100 m, 500 m,
1,000 m, 1,500 m, 2,000 m, and 2,600 m asl on Volcán
Barva, Costa Rica. As elevation increased, there was less
evidence of intensity of weathering and organic matter
decomposition.
Simultaneously, subsoil clay content
decreased from 80% at 100 m to less than 10% at 2000 m.
Other soil factors likewise changed, with the ratio of free to
total iron decreasing while surface organic matter
increased. In fact, most nutrients at high elevations did not
seem to be less than at low elevations.
On Mt. Kinabalu and the Himalaya of Bhutan, Ashton
(2003) considered the floristic relationships to be
complicated. He observed that the elevational level at
which changes occur has only minor differences between
the Equator and the tropical area.
Rather, Ashton
concluded that soil changes may play a more direct and
important role than previously considered. The important
soil factors are the increase in organic content in lower
montane soils when compared to those of the lowland.
This is accompanied by a change from termite-dominance
to earthworm-dominance and frequency of dense moss
layers and mor humus in the upper montane soils. But the
question remains, do these soil differences make any
differences in the composition of bryophyte communities?

Defining Zones

Figure 30. Campylopus pilifer (Dicranaceae), a broadly
distributed species that occurs at high elevations in the tropics.
Photo by Michael Lüth, with permission.

Westerners tend to think of Africa as the land of
elephants and camels. But Africa has a remarkable
topography and wide diversity of habitats. Tusiime et al.
(2007) compared species richness among the habitats along
an elevational range as well as along streamsides and trails
in the forests of Bwindi Impenetrable National Park,

Enroth (1990) recognized five elevational zones in
Papua New Guinea: 0-300 m, 300-1,200 m, 1,200-2,200(2,300) m, 2,200(-2,300)-2,800(-2,900) m, and 2,800(2,900)-3400 m asl. These zones are recognized by their
distinct changes in the bryophyte flora. These zones also
correspond well with previous studies on seed-plant flora.
At the highest elevations, species from the Northern
Hemisphere occur. The high elevations generally have
New Guinean or Western Melanesian and Malesian
endemics. At low to moderate elevations, the flora is
representative of Asian-Oceanian and Asian-OceanianAustralian taxa, particularly among the mosses.
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Cosmopolitan species have either wide vertical ranges or
occur only at high elevations.
Van Reenen and Gradstein (1983) recognized five
elevational bryophyte zones in the Sierra Nevadas of
Colombia in the range of 500-4,100 m asl. Four zones are
forest zones and one is páramo (high treeless plateau).
They based their classification of these zones on relevés
that included species presence, substrate preference, and
percentage cover of bryophytes. The zones are correlated
with precipitation and air temperature. Species presence
and percent cover seem to be of equal importance in
distinguishing the bryophyte zones in the forests. These
are highest in the condensation zones (zones where water
vapor in atmosphere condenses and becomes liquid).
Frahm and Gradstein (1991) examined the cover,
biomass, and turnover rates of bryophytes in rainforests of
Colombia, Peru, Borneo, and Papua New Guinea. From
these, they concluded that elevational zonation is similar in
different parts of the humid tropics.
In Hawaii, Kitayama and Mueller-Dumbois (1992)
studied the community organization on the windward slope
of Haleakala. On a transect from 350 m asl to the summit
at 3,055 m asl they used a Braun-Blanquet approach to
record species. They found hierarchical arrangements that
were correlated with elevation. The low to mid-elevational
climate is wet, changing abruptly to an arid high-elevation
climate. This climatic distinction created three broad zones
with elevation: lowland, montane, and high-elevation
zones. Further distinctions partitioned these into seven
plant communities, six based on elevation and one dieback
zone.

the mid-elevations. Nonetheless, the distribution correlated
with the climatic variables of humidity and temperature.
The mid-elevations have the highest humidity and offer
moderate temperatures; high elevations have a reduced
richness that the researchers attribute to the low
temperatures.
At low elevations, reduced water
availability, coupled with high temperatures, reduce the
species richness.
Low elevation bryophytes are limited by high
temperatures and low light intensity (Richards 1984a;
Frahm 1990a). In fact, the light intensity barely exceeds
the light compensation point (intensity at which CO2 lost
by respiration = that fixed by photosynthesis). By contrast,
montane bryophytes experience low temperatures and
higher light intensities, with nearly horizontal rainfall and
constant humidity, providing "suitable" conditions for a
rich bryophyte flora (Pócs 1982; Richards 1984a;
Stadtmüller 1987). The characteristics of the host plant for
the predominantly epiphytic flora seem to be of minor
importance.
Traditional assumptions have been that temperature,
light intensity, and water availability determine the
distribution of tropical bryophytes.
Chantanaorrapint
(2010) determined that in a slightly disturbed tropical forest
in Thailand (Figure 31), it was a complex set of factors that
affected the distributions of the epiphytic bryophytes.
These related to these same elevational gradient factors of
light intensity, air temperatures, and relative humidity
working together.

Zone Limitations
In Ecuador, the montane and lowland rainforests both
have a cooler, wetter season from April to July (Grubb &
Whitmore 1966). The montane site has fog-bound and fogfree days. On the fog-free days, sunshine may be present
for a prolonged period. These sunny periods are longest in
the dry season, lasting 1-2 weeks. On fog-bound days,
there is little diel (within a period of 24 hours) temperature
change and the relative humidity typically remains at 95%
or higher.
On fog-free days, the temperature range and
minimum relative humidity are similar to those on an
average day in the lowland forest. These fog conditions are
absent in the lowland rainforest. Nevertheless, on the fogbound days in the montane forests, the conditions are
similar to those of the lowland forests in the wet season.
The forest types correlate with the frequency of fog, not the
temperature regime. The success and greater abundance of
epiphytes in the montane forest compared to the lowland
forest seems to result from the frequency of wetting by fog,
not to a constantly higher humidity.
On a worldwide basis, Ashton (2003) is right; the
causes of zonation with elevation are complicated. In
Costa Rica, Kluge et al. (2006) studied the pteridophyte
richness at 10-2800 m asl and at 2,700-3,400 m on the
Atlantic slope of Costa Rica. They analyzed species
richness in 156 plots of 20x20 m. They regressed species
richness against temperature, humidity, precipitation, and
actual evapotranspiration. As in many other studies, the
species richness distribution of the 484 species was a
hump-shaped one (Figure 7) typical of many elevational
distributions in the tropics. And as is typical, it peaked at

Figure 31. Thailand rainforest. Photo courtesy of Ochin
Nuchitprasitchai.

Kürschner (1995) demonstrated a strong correlation
between known elevational zonation, forest zones, and
plant sociological units in the tropics of the Democratic
Republic of Congo and Rwanda (Figure 32). Because of
their broad geographic distribution, relatively small number
of species (compared to seed plants), sensitivity to climate,
and prominence in tropical rainforests, bryophytes are good
indicators of the elevational zonation pattern that is
characteristic of the humid tropics.
There are a number of changes in the environment
from lowland to montane, and these may work in consort,
as noted by Chantanaorrapint (2010), to provide more
favorable habitats in the mountains. Richards (1984b)
suggested that lowland temperatures are too hot for most
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bryophytes. We can expect that these C3 plants generally
have their photosynthetic optimum around 20C; mean
annual temperatures in the montane rainforests are
generally 10-20C (Gradstein & Pócs 1989). As already
noted, Frahm (1990b) found that the rate of net assimilation
of tropical montane bryophytes decreases radically above
25C. Biebl (1964) showed that most of the bryophytes of
the montane forest at El Yunque, Puerto Rico, could not
survive at temperatures above 35C. Light intensity in the
lowlands is low, respiration (including photorespiration) is
high, and moisture is often limiting, making it difficult for
lowland bryophytes to assimilate more by photosynthesis
than they lose to respiration. In fact, Frahm (1987)
experimented in the laboratory with montane rainforest
bryophytes from Peru and demonstrated just that – they
cannot photosynthesize enough under the conditions of the
tropical lowland rainforest. In such lowlands, one is most
likely to find pantropical families such as Calymperaceae
(Figure 134), Hookeriaceae (Figure 33), and
Lejeuneaceae (Figure 76-Figure 94) (Gradstein & Pócs
1989).
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These dry conditions of the lowlands, however, do not
persist throughout the other climatic zones of the tropics.
In the lower montane rainforest in Panama (Figure 34), the
daily water content of liverwort thalli is pronounced, and
both the low and the high water content place considerable
limitation on the CO2 exchange (Zotz et al. 1997).
However, between those values is a range where a net
carbon gain is possible. Even so, half of the mean daytime
carbon gain is lost during the night due to respiration at the
relatively high temperatures. Enough carbon is stored and
not subsequently released to account for a net annual gain
of approximately 45% of the initial carbon content of the
thallus.

Figure 34. Panamanian montane forests. Photo by S. B.
Matherson, through Creative Commons.

Additional studies include those by Grubb (1974) on
the factors that control the distribution of forest types on
tropical mountains in Malesia. Frahm (1990c) examined
the elevational zonation of bryophytes on Mt. Kinabalu,
Malaysia.
Figure 32.
Mount Mikeno, DR Congo, and Mount
Karisimbi, Rwanda. Photo by Abel Kavanagh, through Creative
Commons.

Figure 33.
Hookeria acutifolia (Hookeriaceae);
Hookeriaceae is a pantropical family found in Peruvian lowlands.
Photo by John Game, through Creative Commons.

Transplant Studies
Experimental studies are few, but can provide a clearer
picture of elevational relationships. Stam et al. (2017)
transplanted 558 pendent epiphytes in the Afromontane
forests of Taita Hills, Kenya (Figure 35). Several of the
four pendent mosses grew very well in the upper montane
forest where it was cool and humid, more than doubling
their biomass in the year of study. By contrast, all of the
transplanted mosses performed poorly in the humidity,
heat, and low light of the lower canopy in the dense lower
montane forests.
Latitude vs Elevation
Delgadillo and Cardenas (1989) found that the
highlands in the Chiapas of Mexico have moss floras
similar to those of temperate regions. Truly tropical taxa
are mostly confined to the lowland moist sites. The MesoAmerican species and species with wide distributions are
the most numerous in species.
Churchill (1991) suggested that latitude does not play a
major role in distinguishing moss diversity from high to
low latitudes in the temperate and tropical regions. Rather,
in Colombia (Figure 36), bryophyte species richness
increases with elevation up to treeline (Figure 37). It is on
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the high mountains that the tropical bryophytes reach their
zenith in diversity. A similar curve is seen for Yunnan,
China (Figure 38) (Song et al. 2015). The hump shape
(Figure 37-Figure 38) is typical of the diversity
distribution.

Figure 38. Mean (+SE) species richness for bole bryophytic
epiphytes along elevational gradients in Yunnan, China.
Modified from Song et al. 2015.

Figure 35. Taita Mountains, Kenya.
through Creative Commons.

Photo by Ina96,

Figure 36. Páramo in Colombia, showing vegetation above
treeline. Photo by Friedrich Kircher, through Creative Commons.

Figure 37. Species-elevation curve in Colombia. Modified
from van Reenen & Gradstein 1983.

Churchill (1991) reported that ~93% of total species
richness for mosses (900 spp.) in Colombia occurs within
the 20-25% of land surface occupied by the Andes. Within
that area, ~50% of diversity occurs at 2,600-3,300 m asl,
the high montane zone.
Among tropical bryophyte
families, 60% are primarily montane while less than 5% are
primarily lowland taxa. Freiberg and Freiberg (2000) also
found higher bryophyte biomass in the montane zone of
Ecuador (Figure 39) compared to the lowland forests, with
a corresponding increase in dead organic matter. Similarly,
in the Andes of Colombia (Figure 40), montane areas may
produce at least ten times the epiphytic bryophyte biomass
of lowland forests (van Reenen & Gradstein 1983). Frahm
(1987) obtained similar biomass relationships in Peru
(Figure 41). Lowlands and submontane regions also are
deprived of endemics, sporting a number of transoceanic
and pantropical taxa, especially liverworts in Lejeuneaceae
(Figure 76-Figure 94) and mosses Fissidens asplenioides
(Figure 42), Floribundaria floribunda (Figure 43), and
Neckeropsis disticha (Figure 44), whereas endemics
increase in number in alpine areas, causing the tropics to
have a high number of endemic bryophytes (Gradstein et
al. 2001a). Nöske et al. (2003) reported that in Ecuadorian
Andes species range sizes decrease toward higher
elevations, refuting Rapoport’s elevational rule
(prediction of trends of increased elevational ranges of
plants with increase in elevation). It does suggest that more
endemics might be expected at higher elevations.
Nevertheless, endemism overall was very low (1%).

Figure 39. Alpine zone and snowline on Chimborazo
volcano, Ecuadorian Andes. Photo by Bernard Gagnon, through
Creative Commons.
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Figure 40. Nevado del Ruiz, Andes, Colombia. Photo by
Edgar, through Creative Commons.

Figure 41. Peruvian lowland forest. Photo by Irvin Calicut,
through Creative Commons.

Figure 43. Floribundaria floribunda, a pantropical moss.
Photo through Creative Commons.

Figure 44. Neckeropsis disticha, a pantropical moss. Photo
by Piers Majestyk, with permission.
Figure 42. Fissidens asplenioides, a pantropical moss.
Photo by David Tng, with permission.

Using only bole bryophytes to assess elevational
differences eliminates most of the soil influences. Song et
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al. (2015) compared bole bryophytes in three protected
forest areas in tropical sub-montane (800-1400 m asl),
montane (2000-2600 m asl) and sub-alpine (3200-3800 m
asl) in Yunnan, SW China (Figure 45). They used 60
20x20 sampling plots, with five plots at each of 12
elevations with 200 m elevational intervals. They used 540
subplots, each with an area of 400 cm2. These revealed 226
epiphytic bryophyte species. Life forms included smooth
mat, fan, and turf as dominants in the sub-montane,
montane, and sub-alpine forests, respectively (Figure 46).
The sub-montane forest had significantly lower bryophyte
species richness, a response they attributed to higher
temperature, limited water availability, and more frequent
human disturbance. As in many other studies cited here,
the distribution of species richness was a hump-shaped
curve with elevation (Figure 7), reaching its highest
richness where the moisture levels were highest at ~2,600
m asl. Liverworts had the greatest species richness at all
three sites (Figure 47).

Figure 47. Species richness of mosses vs liverworts on three
elevational transects in Yunnan, China.
Species richness
represents twenty 20 x 20 m plots on each mountain. Modified
from Song et al. 2015.

Using data on more than 840 mosses and liverworts
from the Himalayas in Nepal (actually subtropics; Figure
48), Grau et al. (2007) determined the known maximum
and minimum elevations of the species. They found strong
correlations in species richness among the ferns, flowering
plants, mosses, and liverworts and elevational relationships.
Maximum richness of liverworts occurred at 2,800 m, for
mosses at 2,500 m asl. The endemic liverworts reached
maximum richness at 3300 m; non-endemic liverworts at
2,700 m. Nevertheless, the mosses again did not support
Rapoport’s elevational rule (prediction of trends of
increased elevational ranges of plants with increase in
elevation). For liverworts, the relationship is not clear.
Grau and coworkers (2007) suggest that differences in
importance of climatic variables such as available energy
and water might explain the differences among the four
plant groups.
Figure 45. Mountains at Yunnan, China. Photo by Ariel
Steiner, through Creative Commons.

Figure 48. Himalaya Mountains at sunset, Nepal. Photo by
Jules Air, through Creative Commons.

Records of Elevation

Figure 46. Comparison of life forms on three mountains in
Yunnan, China. Modified from Song et al. 2015.

One might expect the highest known elevation for
bryophytes to be in the tropics, where the climate will be
the warmest at high elevations compared to the same
elevation elsewhere. Grolle (1966) reported records up to
5100-5200 m asl in Nepal (subtropics). Alexey Potemkin
(Bryonet 11 February 2016) noted that these were
liverworts from a wide variety of genera: Scapania
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ornithopodioides (Figure 49), Lophozia incisa (Figure 50),
Chandonanthus filiformis (see Figure 51), Gymnomitrion
sinense (see Figure 52), Marsupella commutata (Figure
53), M. revoluta (Figure 54), Plagiochila carringtonii
subsp. lobuchensis (Figure 55), Herbertus sendtneri
(Figure 56), Anthelia julacea (Figure 57), Bazzania
tricrenata (Figure 58), Metacalypogeia alternifolia (Figure
59).

Figure 52. Gymnomitrion concinnatum, a leafy liverwort
that is among those at the highest elevations on the planet. Photo
by Hermann Schachner, through Creative Commons.

Figure 49. Scapania ornithopodioides, a leafy liverwort that
is among those at the highest elevations on the planet. Photo by
Michael Lüth, with permission.

Figure 53. Marsupella commutata, a leafy liverwort that is
among those at the highest elevations on the planet. Photo by
Michael Lüth, with permission.

Figure 50. Lophozia incisa, a leafy liverwort that is among
those at the highest elevations on the planet. Photo by Michael
Lüth, with permission.

Figure 51. Chandonanthus, a leafy liverwort that is among
those at the highest elevations on the planet. Photo by Blanka
Aguero, with permission.

Figure 54. Marsupella revoluta, a leafy liverwort that is
among those at the highest elevations on the planet. Photo by
Michael Lüth, with permission.
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Figure 58. Bazzania tricrenata, a leafy liverwort that is
among those at the highest elevations on the planet. Photo by
Michael Lüth, with permission.
Figure 55. Plagiochila carringtonii, Scotland, a leafy
liverwort that is among those at the highest elevations on the
planet. Photo by Michael Lüth, with permission.

Figure 59. Metacalypogeia alternifolia, a leafy liverwort
that is among those at the highest elevations on the planet. Photo
through Creative Commons.

Figure 56. Herbertus sendtneri, a leafy liverwort that is
among those at the highest elevations on the planet. Photo by
Michael Lüth, with permission.

Figure 57. Anthelia julacea, a leafy liverwort that is among
those at the highest elevations on the planet. Photo by Michael
Lüth, with permission.

Schiavone and Suárez (2009) reported the moss
Globulinella halloyi (Pottiaceae; see Figure 60) as a new
species from Volcán Socompa, Argentina. It has the
distinction of occurring at 6,000 m asl, 280-590 m higher
than any known record for a bryophyte. It forms large,
dense patches in communities with dense clumps of Pohlia
papillosa (see Figure 63-Figure 64) on warm soil with
moist conditions.

Figure 60. Globulinella globulifera; G. halloyi is a new
species that occurs at 6000 m asl in Volcán Socompa, Argentina,
making it the bryophyte at the highest elevation on the planet.
Photo by Claudio Delgadillo Moya, with permission.
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Volcanoes are particularly likely to have highelevation bryophytes. Areas near geothermal vents have
heated soil and sufficient moisture to maintain a suitable
bryophyte habitat. Potemkin et al. (2018) reported two
liverwort and two moss species from the top of Elbrus
(5,590 m asl) in the Caucasus. They occupied an area free
of snow and ice. The liverworts are Marsupella boeckii
(see Figure 61) and M. cf. funckii (Figure 61). The mosses
are Atrichum cf. angustatum (Figure 62) and Pohlia
nutans (Figure 63-Figure 64), both widespread species.
These are not tropical locations, and thus the high elevation
is more remarkable, but the heat and moisture from the
geothermal vent makes this habitat livable for these
species. Pohlia nutans is also recorded from 3,000-4,000
m asl in China (Zhang et al. 2007). Atrichum angustatum
is reported in Europe, Macaronesia, Turkey, Iran, eastern
and central North America, and China. Marsupella boeckii
is an infrequent Holarctic species; M. funckii is a European
species.
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Figure 63. Pohlia nutans below old mine on Svalbard.
Photo by Michael Lüth, with permission.

Figure 64. Pohlia nutans in Khibiny Mountains, Apatity,
Murmansk, a species that occurs at 5,590 m asl in the Caucasus.
Photo by Michael Lüth, with permission.

Figure 61. Marsupella funckii, a species that occurs at
5,590 m asl in the Caucasus. Photo by Hermann Schachner,
through Creative Commons.

Figure 62. Atrichum angustatum with ice crystals, a
widespread species that occurs at 5,590 m asl in the Caucasus.
Photo by Bob Klips, with permission.

Rodriguez (2015) reports the first known symbiosis in
a high elevation (6480 m asl, Mt. Everest) population of
mosses. The moss Gymnostomum aeruginosum (Figure
65) has a symbiotic fungus living completely within the
tissues, making it the first documentation of a high
elevation symbiosis. Rodriguez has continued testing to
see if fungi confer any low temperature or high UV
tolerance on the moss. Potemkin et al. (2018) have
reported the Mt. Everest location of this species, based on a
photograph, as hidden in a crevice in cold snow.

Figure 65. Gymnostomum aeruginosum, a moss with a
symbiotic fungus at 6,480 m on Mt. Everest, possibly the highest
elevation for a bryophyte. Photo by Hermann Schachner, through
Wikipedia Commons.
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Frey et al. (2012) listed the highest records for
bryophytes in the Cordillera Real in Bolivia.
The
liverworts Stephaniella paraphyllina (Figure 66) and
Gymnocoleopsis multiflora occur at 5,000 m asl. The
moss Grimmia longirostris (Figure 67) occurs at 5,800 m
asl. Thus it appears that the highest elevation record thus
far goes to Gymnostomum aeruginosum on Mt. Everest.

Figure 66. Stephaniella paraphyllina, a leafy liverwort
species that occurs at 5,000 m asl in Bolivia. Photo by Jan-Peter
Frahm, with permission.

Figure 67. Grimmia longirostris with capsules, a moss
species that occurs at 5,800 m asl in Bolivia. Photo by Hermann
Schachner, through Creative Commons.

Diversity-Richness Changes
Early studies recognized differences in the bands of
vegetation as elevation increased. Bryologists naturally
became curious about the co-occurring changes in the
bryophyte vegetation.
Pócs (1984) used four transects on the SSW slope of
Mt. Kilimanjaro to show bryophyte species changes in each
100-m elevational section. On this mountain they found
that the number of species increased "rapidly" from 1,800
m asl upward. They found two peaks in species diversity,
one at 2,200 m, where the structure of the montane
rainforest is most complex, and one at 2,700 m in the cloud
belt, where the precipitation is greatest. At timberline
(3,000 m), there is a rapid decrease in species diversity, but
this remains relatively constant until 3,800 m, where the
vegetation is subalpine heath and it is more open and dry

with less rainfall. Above this level, the number of
bryophyte species reach their minimum level on the
mountain. The uppermost known species occurs at 5,050
m asl. These conditions created six bryophyte zones, each
with characteristic species combinations, and these parallel
the established zones of tracheophyte vegetation.
In Southwest Nigeria, Oyesiku (2013) conducted one
of the rare ecological studies in a tropical rainforest biome
in Africa. He found 138 bryophyte species, with 70%
mosses and 30% liverworts. Unlike other studies, this one
found the species distribution to be relatively homogeneous
along the elevational trail (Gini coefficient=2.54%). A
Gini coefficient of zero expresses perfect equality, where
all values (species) are the same; 100% indicates that all
values (species) are different. Nevertheless, there was a
significant correlation between number of bryophyte
species (for both mosses and liverworts separately) and
elevation.
Frahm (1990c) investigated the elevational zonation of
Bryophytes on Mt. Kinabalu in Borneo. Later, Frahm
(1994a) summarized the results of the BRYOTROP
Expedition to the Democratic Republic of Congo
(previously Zaire) and Rwanda, which examined the
elevational zonation of bryophytes on Mt. Kahuzi in the
Democratic Republic of Congo. Based on bryophyte
parameters such as species per hectare plot and elevational
ranges of species, they identified four bryophyte vegetation
zones: submontane forest (<1,500 m), lower tropical
montane forest (1,500-2,000 m), upper tropical montane
forest (2,100-2,800 m), and subalpine forest (2,900-3,200
m). These zones correlate with those previously named for
the general tracheophyte vegetation.
Gradstein et al. (1983) compared liverworts between
the Neotropics and Africa to determine the level of
disjunction. Early researchers tended to name species on a
new continent as new, but as more in-depth studies occur,
many of these emerge as synonyms. Among 35 known
Afro-American species, there are three distribution types
one can recognize. These are Tropical Afro-American
(lowland, montane, and the alpine element), SubtropicalMediterranean (southern, wide element) and TemperateSubAntarctic (southern, wide element). Most of these
disjuncts occur in the leafy liverwort order
Jungermanniales (Figure 10). The subtropical disjuncts
The
are an exception, being thallose liverworts.
researchers suggest that the species disjunctions are due to
long-distance dispersal, but experimental evidence to
support this is totally lacking. On the other hand, it is
possible that generic disjunctions and species vicariance
might be the result of ancient land connections through
Gondwanaland.
Although the bamboo forest (Figure 68) is low in
bryophyte species diversity, it nevertheless exclusively
hosted 17.6% of the collected bryophytes in the Bwindi
Impenetrable National Park, Uganda (Tusiime et al. 2007).
Zhang (2001) demonstrated that the number of species
per plot increases linearly with elevation in Hong Kong.
Sun et al. (2013) found that the species richness of ground
bryophytes on Gongga Mountain, China, shows no
elevational trend. Cover, on the other hand, increases with
elevation, with the maximum occurring at ~3,758 m asl,
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with biomass averaging 700 g m-2 and maximum thickness
reaching 8 cm. For these ground dwellers, litter, air
temperature, and precipitation seem to control distribution.

Figure 68. Uganda bamboo forest.
Doughty, through Creative Commons.

Photo by A. M.

Nekesa (2015) used a transect from 2,400 m to 4,800
m asl, sampling at 200-m intervals to examine the
distribution of both bryophytes and tracheophytes on Mt.
Kenya. Tracheophytes were sampled in 10 x 10 m quadrats
with 10 x 5 cm bryophyte quadrats nested within them.
Bryophytes had the highest diversity, followed by
flowering plants. Diversity overall decreased from 2400 m
asl to 460 m asl, with the optimum occurring at 2400 and
3000 m asl (over 350 species each). The most diverse
bryophytes were humicolous and corticolous (80%) with
only 0.001% in the aquatic habitat. Nekesa concluded that
elevation is the major factor affecting the distribution of
both groups, with microhabitats of bogs, rocks, and
tracheophytes themselves being the secondary factors.
Glime et al. (1990) demonstrated a change in
associations among Frullania (Figure 72) species with
elevation on Mount Albert Edward, Papua New Guinea
(Figure 69). The species diversity of this genus is greatest
in the middle elevations, least in the dry lowlands. Sibling
taxa show elevational differences within pairs, thus
occupying different niches. It is likely that we will find
multiple environmental races among at least some species
when we compare them among elevations.
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On Mount Albert Edward, Papua New Guinea (Figure
69), there are more than 50 taxa of the leafy liverwort
genus Frullania (Figure 72) (Glime et al. 1990). These
taxa form many associations, often with other members of
the same genus. The associations and the major taxa differ
with elevation, and the species richness likewise differs.
The most taxa occur at the middle elevations, especially the
cloud forests, and the least in the dry lowlands and high
alpine areas.
Furthermore, many clumps of single
Frullania species occur in the latter two regions, whereas
at the other elevations collections are rarely pure. In fact,
at 2,000-2,500 m asl associations between Frullania taxa
are so common between repeating species pairs or groups
(i.e. high fidelity) that we (Glime et al. 1990) suggested
that some benefit might be derived from the association.
We suggested that these untested benefits might include:
1. high light intensity protection for small liverworts that
live among larger ones in the forest canopy or in
exposed alpine areas
2. protection from drying out by reducing the amount of
free space among the branches and leaves
3. gain in water availability by species that have a poor
ability to move water from the substrate or surface of
the clump to their own branches but that can take
advantage of the water moved by an associated
species.
Although few authors describe such commensal water
relationships in plants, except by use of mycorrhizae,
Rydin (1985) has suggested that they exist among
Sphagnum (Figure 70) species with differential abilities to
absorb water in one circumstance and to retain it in another.
His conclusions are further supported by the experimental
studies of Li et al. (1992) on two additional species of
Sphagnum.

Figure 70. Sphagnum capillifolium with capsules, in Chile.
Photo by Juan Larrain, with permission.
Figure 69. Mount Albert Edward, Papua New Guinea.
Satellite image through Creative Commons.

Ah-Peng et al. (2012) compared elevational bryophyte
species variation on the Reunion Island (summit 2,069 m
asl) to that of the Colombia high volcano (5,321 m asl) on
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the South American continent. Species richness was
similar between the two locations, with 265 on Reunion
Island and 295 on the Colombian volcano. On Reunion
Island, species with small range sizes dominated, with
mean elevational range increasing with elevation (perhaps
Rapoport's elevational rule is right for bryophytes
sometimes), and with species richness decreasing with
elevation. The island's cloud forest has a high bryophyte
species richness as well as a large number of rare species.
The continental elevational gradient, by contrast, was
dominated by large-ranged species.
The elevational gradient seems also to be reflected in
the niche width (Figure 71) of the Frullania (Figure 72)
taxa (Glime et al 1990). At both the low and the high
elevations, the niche widths are narrower (not supporting
Rapoport's elevation rule), at least for the parameters
tested, further restricting the taxa that are there to welldefined habitats. For example, Frullania papillata has
95% of its observations expected between 2,368 and 2,575
m asl and occurs only between 2,500 and 3,500 m.
Similarly restricted taxa, elevationally, include F.
apiculata, F. attenuata, F. gracilis (Figure 72), F.
ornithocephala, and F. ornithocephala var. intermedia.
On the other hand, the middle elevations have the highest
number of species pairs with non-overlapping distributions
(Figure 73).

Figure 71. Levins and Freeman-Tukey niche width and
elevational range of sibling pairs of Frullania on Mount Albert
Edward, Papua New Guinea. Redrawn from Glime et al. 1990.

Figure 72. Frullania gracilis. Photo from Bryophyte Flora
of Doi Suthep-Pui National Park, Chiang Mai, Thailand, through
Creative Commons.

Figure 73. Elevational distribution of species richness of
Frullania on Mount Albert Edward, Papua New Guinea.
Redrawn from Glime et al. 1990.

Four sibling taxa pairs of Frullania occur (Figure 71,
but among the ones examined, each member of the pair
exhibits distinct elevational niches, suggesting that while
they may have remained morphologically similar, they may
have diverged physiologically (Glime et al. 1990).
The canopy typically has more species than the ground
in a lowland rainforest. Cornelissen and Gradstein (1990),
working in Guyana, reported that 50% of the species were
restricted to the canopy; only 14% corticolous species were
restricted to the understory. However, in Monteverde,
Costa Rica (Figure 74), when rotten logs and living leaves
are added to the understory percentage, about 20% of the
species are exclusive to the understory (Figure 75)
Gradstein and coworkers
(Gradstein et al. 2001b).
suggested that the percentage of species restricted to the
canopy may be the same in lowland and montane
rainforests, despite large differences in both species
abundance and composition (see also Gradstein 1995).

Figure 74. Monteverde, Costa Rica, canopy.
Cephas, through Creative Commons.

Photo by
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Figure 75. Diversity of canopy vs understory in the cloud
forest at Monteverde, Costa Rica. Modified from Gradstein et al.
2001b.
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Figure 77. Cololejeunea cardiocarpa, a leafy liverwort
species that occurs from 1 to 1,600 m asl in Costa Rica. Photo by
Paul Davison, with permission.

Eggers (2001) described the groupings of epiphyllous
Lejeuneaceae (Figure 76-Figure 94) in Costa Rica based
on their elevational distribution:
only <500 m:
Cololejeunea setiloba (see Figure 77)
1-1,600 m:
Cololejeunea (syn.=Aphanolejeunea) costaricensis
(see Figure 76), Cololejeunea moralesiae (see Figure
76), Cololejeunea cardiocarpa (Figure 77), C.
guadeloupensis (see Figure 77), C. linopteroides (see
Figure 77), C. obliqua (see Figure 77), C.
minutilobula (see Figure 77), C. standleyi (see Figure
77), Colura verdoornii (see Figure 78), Cyclolejeunea
chitonia (see Figure 79), C. peruviana (Figure 79),
Diplasiolejeunea brunnea (Figure 80), Microlejeunea
epiphylla (see Figure 81), Rectolejeunea berteroana
(Figure 82), R. cf. emarginuliflora (see Figure 82),
Stictolejeunea squamata.

Figure 76.
Cololejeunea microscopica; Cololejeunea
costaricensis and C. moralesiae occur from 1 to 1,600 m asl in
Costa Rica. Photo by Stan Phillips, through public domain.

Figure 78. Colura tenuicornis; C. verdoornii is a leafy
liverwort species that occurs from 1 to 1,600 m asl in Costa Rica.
Photo by Jan-Peter Frahm, with permission.

Figure 79. Cyclolejeunea peruviana, a leafy liverwort
species (as well as C. chitonia) that occurs from 1 to 1,600 m asl
in Costa Rica. Photo by Jan-Peter Frahm, with permission.
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1-3,000 m:
Cololejeunea (syn.=Aphanolejeunea) angustissima
(see Figure 76), Colura tortifolia (Figure 83),
Diplasiolejeunea cavifolia (Figure 80, Figure 84), D.
pellucida (Figure 84), Drepanolejeunea inchoata
(Figure 85), Dr. lichenicola (see Figure 85), Lejeunea
laetevirens (Figure 86), Odontolejeunea lunulata
(Figure 87).

Figure 80. Diplasiolejeunea brunnea in Ecuador on leaf, a
leafy liverwort species that occurs from 1 to 1,600 m asl in Costa
Rica. Photo by Tamás Pócs, with permission.

Figure 83. Colura tortifolia, a leafy liverwort species that
occurs from 1 to 3,000 m asl in Costa Rica. Photo by Michaela
Sonnleitner, with permission.

Figure 81. Microlejeunea sp.; M. epiphylla is a leafy
liverwort species that occurs from 1 to 1,600 m asl in Costa Rica.
Photo by Tangatawhenua, through Creative Commons.

Figure 84. Diplasiolejeunea pellucida, a leafy liverwort
species that occurs from 1 to 3,000 m asl in Costa Rica. Photo by
Michaela Sonnleitner, with permission.

Figure 82. Rectolejeunea berteroana, a leafy liverwort
species (as well as R. cf. emarginuliflora) that occurs from 1 to
1,600 m asl in Costa Rica. Photo by Michaela Sonnleitner, with
permission.

Figure 85. Drepanolejeunea inchoata (as well as Dr.
lichenicola), a leafy liverwort species that occurs from 1 to 3,000
m asl in Costa Rica. Photo by Michaela Sonnleitner, with
permission.
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Figure 88. Cololejeunea longifolia, a species that occurs
only from 500 to 1,600 m asl in Costa Rica. Photo by Yang Jiadong, through Creative Commons.
Figure 86. Lejeunea laetevirens, a leafy liverwort species
that occurs from 1 to 3,000 m asl in Costa Rica. Photo by Scott
Zona, through Creative Commons.

Figure 87. Odontolejeunea lunulata with perianth, a leafy
liverwort species that occurs from 1 to 3,000 m asl in Costa Rica.
Photo by Michaela Sonnleitner, with permission.

only 500-1,600 m:
Cololejeunea (syn.=Aphanolejeunea) cingens (see
Figure 76), Cololejeunea (syn.=Aphanolejeunea)
longifolia
(Figure
88),
Cololejeunea
(syn.=Aphanolejeunea) pustulosa (see Figure 76),
Cyclolejeunea accedens (see Figure 79), C.
convexistipa (see Figure 79), Diplasiolejeunea
grolleana (see Figure 80, Figure 84), D. unidentata
(see Figure 80, Figure 84), Harpalejeunea uncinata
(see Figure 89), Lejeunea filipes (Figure 90),
Odontolejeunea decemdentata (Figure 91).

Figure 89. Harpalejeunea latitrans; H. uncinata occurs
only from 500 to 1,600 m asl in Costa Rica. Photo by Jeremy
Rolfe, through Creative Commons.
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Figure 90. Lejeunea filipes, a leafy liverwort species that
occurs only from 500 to 1,600 m asl in Costa Rica. Photo by
Michaela Sonnleitner, with permission.

Figure 93. Lejeunea flava on a leaf, a leafy liverwort
species that occurs from 500 to 3,000 m asl in Costa Rica. Photo
by Yang Jia-dong, through Creative Commons.

Figure 91. Odontolejeunea decemdentata, a leafy liverwort
species that occurs only from 500 to 1,600 m asl in Costa Rica.
Photo by Michaela Sonnleitner, with permission.

500-3,000 m:
Anoplolejeunea
conferta,
Cololejeunea
(syn.=Aphanolejeunea) crenata (see Figure 76),
Cololejeunea (syn.=Aphanolejeunea) ephemeroides
(see Figure 76), Colura tenuicornis (Figure 78),
Diplasiolejeunea alata (see Figure 80, Figure 84),
Drepanolejeunea infundibulata (see Figure 85), Dr.
mosenii (see Figure 85), Lejeunea flava (Figure 92Figure 93), Omphalanthus filiformis (Figure 94).

Figure 92. Lejeunea flava, a leafy liverwort species that
occurs from 500 to 3,000 m asl in Costa Rica. Photo by Linda
Phillips, through Creative Commons.

Figure 94. Omphalanthus filiformis in the Neotropics, a
leafy liverwort species that occurs from 500 to 3,000 m asl in
Costa Rica. Photo by Michael Lüth, with permission.

only >1,600-3,000 m:
Cololejeunea (syn.=Aphanolejeunea) camillii (see
Figure 76), Cololejeunea fefeana (see Figure 77),
Diplasiolejeunea costaricensis sp. nov. (see Figure 80,
Figure 84), D. involuta (see Figure 80, Figure 84).
In Panama, Gradstein and Salazar Allen (1992)
assessed the bryophytes along an elevational gradient on
Cerro Pirre (1,200 m asl). As shown in the other studies
above, they found very different species assemblages along
the gradient from inundated lowland, to hillside lowland, to
submontane, to montane elfin forest. Among these, they
found the greatest species richness in the submontane
forest. The greatest number of exclusive species, however,
occurred in the montane elfin (cloud) forest, along with the
greatest bryophyte biomass. The mountain proved to have
a number of rare liverworts, and this one study produced 40
liverwort species new for Panama.
Wolf (1989, 1992) elaborated on the species richness
of epiphytic bryophytes on an elevational gradient in the
northern Andes (Figure 95). This study included 187
liverworts and 108 mosses. Wolf (1993a, b) also examined
the diversity patterns and biomass of epiphytic bryophytes
along this gradient in the Central Cordillera of Colombia
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(Figure 96) from 1,000 to 4,130 m asl. Elevation emerged
as a complex factor in explaining the variation in species
composition. Species area curves for each sampling site
indicated that sampling was adequate. α and β diversity
patterns along the elevational gradient differed between
mosses and liverworts. Liverwort richness was maximum
(~100 taxa ) in the range of 2,550-3,100 m. This high level
corresponds with the contact transition zone between
vegetation zones. This supports the prediction that the
highest species diversity will occur in a transition zone,
indicating that between community interactions are more
important in determining diversity than within community
relationships (i.e. niche relationships). This is further
supported by the fact that only 20.5% of the liverwort taxa
are exclusive to this belt of greatest richness. Humidity
appears to be an important limiting factor, with biomass
increase of bryophytes corresponding with a humidity
increase with elevation. Bryophyte species turnover also
appears to be greater in this mountain system than that
known for the temperate mountains in North America.

Figure 95. Nevado del Ruiz, northern Andes, Colombia.
Photo by Edgar, through Creative Commons.
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Nevados. Again, the species richness increases with
elevation to the upper montane forest, where the greatest
bryophyte diversity occurs. Liverworts demonstrate their
greater preference for moisture by outnumbering mosses in
the upper submontane and montane forests on the wet
western slope, but in the drier environments they are less
diverse than the mosses. At lower elevations (<3000 m),
the species are wide-ranging tropical species, whereas in
the higher elevations the species are those with narrow
ranges (Andean and endemics). Few temperate species
occur, with less than 10% in the upper montane forest and
~20% in the páramo. We can assume they have arrived in
Colombia relatively recently (last 5 million years) after the
Cordilleras arose.
Germano and Pôrto (2006) reported on bryophyte
communities in the remnant Atlantic forests in
Pernambuco, Brazil. In the Atlantic Forest of Rio de
Janeiro, southeastern Brazil, Santos and Costa (2010)
reported 360 liverwort taxa. In addition to having floristic
differences among the different formations, there were
elevational differences. The montane forest has the highest
species richness (238) with 63 exclusive taxa and 27
endemics, as of the year 2010. The upper montane is next
with 173 species, 58 exclusive taxa, and 21 endemics. The
leafy liverwort family Lejeuneaceae (Figure 76-Figure 94)
is the most species-rich family in all formations, whereas
other families may be restricted to certain formations.
In the Itatiana National Park (Figure 6) of Brazil, three
vegetation zones are clearly defined: montane forest
(Figure 97), upper montane forest (Figure 97), and highelevation fields (Figure 98) (Costa et al. 2015). Sampling
at 10 representative elevations revealed 519 taxa, 57% of
the total known bryophyte flora in the Rio de Janeiro State
and 34% of that of Brazil. The montane forest had the
highest species richness (296). The most endemic species
(47) occurred in the upper montane zone. The researchers
attributed the richness in these locations to their diversity of
climate, soil, and physiographic parameters. As is typical
in the tropics, especially the Neotropics, the highest
diversity occurs at the mid-elevational range of 2,100-2,200
m asl. As the elevation increases, so does the number of
threatened species.

Figure 96. Western Cordillera of Colombia bordering
Chocó, very rich montane cloud forests on a sunny day at 1,600 m
in 1992. Photo courtesy of S. Robbert Gradstein.

The ECOANDES project has contributed greatly to
our understanding of Neotropical elevational effects on
bryophytes (Gradstein et al. 1989).
Gradstein and
coworkers compared the wet, foggy western slope (1,0004,500 m) with the drier eastern slope (500-4,500 m) of the
Colombian Central Cordillera at the Parque de los

Figure 97. Montane and upper montane forests, Parque
Nacional de Itatiaiae, Brazil. Photo by Gabriel R. Vallim, through
Creative Commons.
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Figure 98. High-elevation field, Parque Nacional do Itatiaia,
Rio de Janeiro, Brazil. Photo by Pedro Luz, through Creative
Commons.

On Mt. Kitanglad (up to 2,938 m asl) in the Philippines
(Figure 99), Azuelo et al. (2010) examined the diversity
and ecology of bryophytes. They report 428 species, with
mosses predominating. Of these, 326 species are mosses;
only 98 of these species are liverworts and 4 are hornworts.
The mosses occur in 70 genera and 29 families. The
highest diversity occurs in the lower montane forest (112
species), followed by the mossy (cloud) forest (108
species) and upper montane forest (87 species).
Nevertheless, the highest bryophyte cover occurs in the
mossy forest. A major substrate choice is epiphytic (40%
of mosses, 15% of liverworts, and 1 hornwort). But, the
highest richness is on the rotten logs and decaying litter,
with 43% of the mosses and 42% of the liverwort species
occurring there, including Lepidoziaceae (Figure 100),
Plagiochilaceae (Figure 55), Schistochilaceae (Figure 11),
and Trichocoleaceae (Figure 101). The moss families
Meteoriaceae (44 species; Figure 43) and Dicranaceae (43
species; Figure 30) are the most species-rich families,
contrasting with the prominence of the liverwort family
Lejeuneaceae (Figure 76-Figure 94) in most areas of the
tropics. Rather, the Plagiochilaceae (26 species) and
Lepidoziaceae (20 species) are the most species-rich
liverwort families. Among the species on the mountain, 11
moss and 6 liverwort species are considered to be
medicinal.

Figure 99. Mt. Kitanglad, Philippines. Photo by Kleomarlo,
through public domain.

Figure 100. Bazzania tridens, in the family Lepidoziaceae,
one of the common families of liverworts on logs and decaying
matter in the Philippines. Photo by Li Zhang, with permission.

Figure 101. Trichocolea tomentella; Trichocoleaceae is a
common family on rotten logs and decaying litter in the
Philippines. Photo by Dick Haaksma, with permission.

Santos et al. (2017) compared the numbers of species
in families at six elevations at the Serra do Mar State Park,
Brazil (Figure 102)
In an attempt to determine the usefulness of liverworts
as bioindicators, Santos et al. (2014) sampled 26 localities
to determine β diversity relationships. They found a
significant association of the first CCA axis with a floristic
gradient from lowland forests to high montane forests.
They found 34 species that could serve as bioindicators.
The species groupings could be explained by elevation,
temperature, and precipitation.
Churchill (pers. comm. 29 November 2011) has
observed that diversity relationships with elevation are
basically true throughout the tropical Andes.
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Table 1. Indicator species of bryophytes with a p
value <0.03 from five vegetation types in the Atlantic
Forest in Serra do Mar State Park, Brazil, demonstrating
the change in dominance with elevation.
RESTINGA FOREST
Bazzania phyllobola
Leptolejeunea elliptica
Cololejeunea obliqua
Syrrhopodon incompletus
Plagiochila disticha
Harpalejeunea oxyphylla
LOWLAND FOREST
Crossomitrium patrisiae
SUBMONTANE FOREST
Bryopteris filicina
Homalia glabella
Ceratolejeunea rubiginosa
Tortella sp.
Homaliodendron piniforme
MONTANE FOREST
Porotrichum longirostre
Radula nudicaulis
Racopilum tomentosum
Thamniopsis langsdorffii
Bazzania stolonifera
MOUNTAINTOP FOREST
Jamesoniella rubricaulis
Schlotheimia tecta
Cheilolejeunea xanthocarpa
Frullania atrata
Frullania kunzei
Campylopus heterostachys
Frullania apiculata
Herbertus juniperoideus subsp. bivittatus
Macromitrium cirrosum
Plagiochila bifaria
Campylopus griseus
Campylopus pilifer
Polytrichum juniperinum
Schlotheimia jamesonii

Figure 103
Figure 104
Figure 105
Figure 106
Figure 107
Figure 108
Figure 109
Figure 110

Figure 111
Figure 112
Figure 113
Figure 114
Figure 115
Figure 116
Figure 117
Figure 118
Figure 119
Figure 120
Figure 121
Figure 122
Figure 123
Figure 30
Figure 124

Figure 102. Abundance of species in families by elevation in
Serra do Mar State Park, Brazil. Height of bar denotes number of
species. Lejeuneaceae are not included. Modified from Santos
et al. 2017.

Dominance Changes
As the elevation increases, the dominant species
change. Santos et al. (2017) illustrated this clearly in the
Atlantic Forest in Serra do Mar State Park, Brazil (Table
1).

Figure 103. Leptolejeunea elliptica, an indicator species of
the Restinga Forest. Photo by Yan Jia-dang through Creative
Commons.
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Figure 104. Cololejeunea obliqua, an indicator species of
the Restinga Forest. Photo by Jan-Peter Frahm, with permission.

Figure 107. Crossomitrium patrisiae, an indicator species of
the Lowland Forest. Photo by Michael Lüth, with permission.

Figure 108. Bryopteris filicina, an indicator species of the
Submontane Forest. Photo by Michael Lüth, with permission.
Figure 105. Syrrhopodon incompletus with capsules, an
indicator species of the Restinga Forest. Photo by John Bradford,
with permission.

Figure 106. Plagiochila disticha, an indicator species of the
Restinga Forest. Photo by Michael Lüth, with permission.

Figure 109. Homalia glabella, an indicator species of the
Submontane Forest. Photo by Claudio Delgadillo Moya, with
permission.
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Figure 110. Tortella humilis, an indicator species of the
Submontane Forest. Photo by Michael Lüth, with permission.

Figure 113. Bazzania stolonifera, an indicator species of the
Montane Forest. Photo by Michael Lüth, with permission.

Figure 111. Racopilum tomentosum, an indicator species of
the Montane Forest. Photo by Michael Lüth, with permission.

Figure 114. Jamesoniella rubricaulis, an indicator species
of the Mountaintop Forest. Photo by Jan-Peter Frahm, with
permission.

Figure 112. Thamniopsis langsdorffii, an indicator species
of the Montane Forest. Photo by Michael Lüth, with permission.

Figure 115. Schlotheimia tecta, an indicator species of the
Mountaintop Forest. Photo by Michael Lüth, with permission.
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Figure 116. Cheilolejeunea xanthocarpa, an indicator
species of the Mountaintop Forest. Photo by Michael Lüth, with
permission.

Figure 117. Frullania atrata, an indicator species of the
Mountaintop Forest. Photo by Jan-Peter Frahm, with permission.

Figure 118. Frullania kunzei, an indicator species of the
Mountaintop Forest. Photo by Blanka Aguero, with permission.

Figure 119. Campylopus heterostachys, an indicator species
of the Mountaintop Forest. Photo by Germaine Parada, through
Creative Commons.

Figure 120. Herbertus juniperoideus, an indicator species
of the Mountaintop Forest. Photo by Jan-Peter Frahm, with
permission.

Figure 121. Macromitrium cirrosum, an indicator species of
the Mountaintop Forest. Photo by Michael Lüth, with permission.
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Productivity

Figure 122. Plagiochila bifaria, an indicator species of the
Mountaintop Forest. Photo by Jan-Peter Frahm, with permission.

Figure 123. Campylopus griseus, an indicator species of the
Mountaintop Forest. Photo by Michael Lüth, with permission.

Figure 124. Polytrichum juniperinum, an indicator species
of the Mountaintop Forest. Photo by Janice Glime.

Zotz (1999) found a distinct increase in abundance of
mosses and liverworts with elevation. They are especially
important in tree crowns in montane regions and are
inconspicuous in the lowlands. This study demonstrates
that drying in the daytime in the lowlands limits
photosynthesis, whereas hot, moist nights cause excessive
respiration that exceeds photosynthetic gain.
Based on studies in Borneo, Tanzania, Transvaal,
Venezuela, and Peru, Frahm (1990b) concluded that the
biomass of epiphytic bryophytes in the tropics increases
from the lowlands to the treeline (elevation above which
trees cannot grow). Like the conclusions of Zotz (1999),
he attributed this gradient to combinations of precipitation,
humidity, temperature, and desiccation.
This was
supported by experiments showing that net assimilation
decreases rapidly above 25ºC. The high temperatures and
low light result in higher respiratory losses compared to
photosynthetic gains. This problem is further exacerbated
by problems of desiccation in lowlands. At higher
elevations, on the other hand, the abundant precipitation
carrying a relatively high nutrient supply enhances growth
in the tropical montane forests.
In this study, Frahm (1990b) compared the monthly
and yearly production and chlorophyll content of the
perennial moss Hydrogonium (Figure 125) and the
seasonal moss Physcomitrium (Figure 126) and their
associated communities in 10 x 10 cm quadrats. For
Hydrogonium, the mean biomass was 95 g m-2 and for
Physcomitrium 11 g m-2. These values are both lower than
many measures of bryophytic biomass in temperate forests.
Bader et al. (2013) found a similar increase in biomass
from lowlands to highlands in Panama, with increases to
"extreme richness" in some montane cloud forests. Using
gas-exchange measurements before and after transplanting
bryophytes to lower elevations, these researchers
determined that temperature alone could not explain the
lack of success of high elevation species in the lowlands.
Nevertheless, a few samples of nearly every species
survived for at least 20 months. Hydration patterns proved
to be important in the survival. Sunny mornings cause
rapid desiccation, a regime that can be deadly to many
species. This is further complicated by afternoon rains that
hydrate the mosses, renewing their activity and causing
high respiratory losses at night.

Figure 125. Hydrogonium ehrenbergii; in the tropics this
genus has lower biomass than in the temperate zone. Photo by
Jan-Peter Frahm, with permission.
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Adaptations

Figure 126.
Physcomitrium eurystomum; the genus
Physcomitrium in the tropics seems to have lower productivity
than populations in the temperate zone. Photo by Show-Ryu,
through Creative Commons.

Wagner et al. (2012) noted that poikilohydric
organisms (those with predominantly external control over
water content, including bryophytes) increase with
elevation in the tropics. In the lowlands, low light and high
temperatures cause a high respiration to photosynthesis
ratio, often causing bryophytes to have negative net
productivity. Among 18 tropical bryophytes in the study,
from three elevations (sea level, 500 m, 1,200 m) in
Panama, the optimum temperatures of net photosynthesis
closely matched the mean temperatures of the habitats
where the species grew. This adaptation resulted in a lack
of differences in the ratio of dark respiration to net
photosynthesis with elevation. As one might surmise from
this, responses of individual species to water, light, and
CO2 did differ, but not systematically with elevation.
Water relations seemed to be important, with higher
temperatures increasing the evaporation rates. This, in
turn, decreased the time available for photosynthesis each
day, while nighttime respiration rates did not necessarily
increase.
Chantanaorrapint (2010) compared biomass of
epiphytes along three elevational transects in southern
Thailand, ranging from 25 m asl to 1,500 m asl. The dry
weight of epiphytic bryophytes increased with elevation,
with 1.15 g m-2 in the lowland to 199 g m-2 in the montane
forests. The dry weight increased with elevation from 2.4
kg per hectare to 620 kg per hectare. These bryophytes
were important in water storage, holding 1.2 to 2.4 times
their dry weight. This storage was typically higher in the
montane region (up to 1,500 L ha-1) than in the lowland
forests. Bark pH also varies with elevation, ranging from
3.19 to 6.84, decreasing with elevation. Air temperature
decreases about 0.6ºC per 100 m increase in elevation.
Zotz et al. (1997) measured CO2 exchange in six
tropical bryophytes in a lower montane forest in Panama.
The diel water content varied greatly. Both low and high
water content were severely limiting for photosynthesis.
Low photon flux density (a measure of light intensity), as
occurs during rain storms, was less limiting for CO2
exchange than water availability. More than half of the
daily carbon gain of 2.9 mg C g-1 was lost at night to
respiration. This suggests an estimate of 45% carbon gain
for the bryophytes per year.

There appear to be distinct adaptations that
characterize forest epiphytes in elevational zones
throughout the tropical regions of Southeast Asia, Africa,
and South America (Kürschner et al. 1999). In the tropical
lowlands and submontane regions, perennial stayer and
perennial shuttle species dominate the life forms. In the
cooler and more humid montane rainforests, fan and weft
forms of perennial stayers and perennial shuttle species
are prominent, relying on propagules and clonal growth to
achieve the large biomass found there. These fan-forms
and other structures such as ciliate leaves are effective at
trapping fog water through rapid condensation and
facilitating conduction and storage. In the upper montane
forests, conditions are more open and xeric and the diurnal
fluctuations are more extreme. Here the bryophytes tend to
form cushions or short and tall turfs of perennial stayers
and perennial shuttle species. They often conserve water
through an abundant rhizoid tomentum and a more
developed central strand in the stem.
Frahm (1994b), as part of the BRYOTROP
Expedition, reported on life forms from various elevations
on Mt. Kahuzi (Democratic Republic of the Congo), using
a transect from 900 to 3,300 m asl. From 900 to 2,300 m
elevation, the dendroid life form is characteristic. He
interprets this as an adaptation for better gas exchange in
conditions of low light and high air humidity. Cushions
predominate above 2,500 m asl. These are typically 2-5 cm
high, but some reach 50 cm at treeline. Moss balls can
form, reaching up to 1 m in diameter. Bryophyte cover on
soil is less than 5% below 2,700 m asl, but in the subalpine
ericaceous belt it is 90%. Similarly, cover on bark is as
low as 5% or less in the low elevations, increasing to 80%
at high elevations. This gradation corresponds with light
intensities from <1% to up to 50%. Temperature, on the
other hand, decreases from 10.6ºC at 900 m to 1.5ºC at
4,500 m. The bark pH is in a relatively narrow range of
4.1-6.2.
In the Amazonian Andes in northern Peru (Figure
127), Kürschner and Parolly (1998a, b) were able to define
apparent adaptations based on relative biomass of
morphological types. They found three dominant life
strategy categories: colonists, perennial shuttle species,
and perennial stayers. However, the colonists were
confined to disturbed sites and were not typical of the
elevational zones. Lowland bryophytes exhibit mat forms
with water lobules, water sacs, and rhizoid discs. The
balance of high temperatures with the humidity of both the
lowlands and submontane belt seem to favor the passive
reproduction (having low or moderately low sexual and
asexual reproduction) of perennial shuttle and perennial
stayer species. In the more humid and often foggy
montane zone, the mat forms of the lowlands disappear
and dendroid and pendent forms join the more universal
fan and weft forms – all forms that are able to condense
water from the fog and mist (fog-stripping). The leaves
are often ciliate or deeply fissured and frequently have a
rill-like arrangement (like series of small, narrow valleys),
all characteristics that facilitate water uptake, conduction,
and storage.
High vegetative reproduction through
propagules and clonal growth predominates here. In the
upper montane zone near timberline, the bryophytes of the

Chapter 8-8: Tropics: Elevation

8-8-33

Peruvian Andes likewise exhibit short and tall turfs of
other upper montane forests but also "tails." They retain
the rill-like leaf arrangement seen in the humid montane
zone and commonly have a central strand, as seen in
bryophytes of other upper montane forests.
These
bryophytes put forth a high sexual reproductive effort,
producing numerous sporophytes on a regular basis, a
pattern of change toward timberline also seen in Southeast
Asia and Central Africa.

Figure 129. Macromitrium sulcatum, in a genus with two
spore sizes, on Careya arborea. Photo by Shyamal L., through
Creative Commons.

Figure 127.
Andes at Huandoy, Peru.
Clarquitecto, through Creative Commons.

Photo by

It is noteworthy that the development of anisospory
(in bryophytes refers to a bimodal size difference between
spores produced in the same sporangium) and heterospory
(having spores of two sizes) occurs within the tropical
Andean forests (Figure 128) (Kürschner & Parolly 1998a),
although it can be argued that bryophytes lack true
heterospory (see Volume 1, Chapter 3-3 on Sexuality: Size
and Sex Differences). Anisosporous bryophytes in the
perennial shuttle category exhibit the development of
dwarf males (small males epiphytic on females) with no
size differentiation visible among the spores. In other
cases, true size differences occur, where small male spores
and large female spores occur in the same capsule, for
example, in Macromitrium spp. (Figure 129) and
Leptodontium
Phyllogonium fulgens (Figure 130).
viticulosoides (Figure 131) exhibits a functional
heterospory in which small spores are able to travel long
distances, whereas the larger spores are more adaptive for
short distances and a quick start for the protonema upon
germination – an ideal shuttle strategy.

Figure 130. Phyllogonium fulgens, a species that has two
spore sizes and genders. Photo by Michael Lüth, with permission.

Figure 131. Leptodontium viticulosoides, a species with
small and large spores that are not separated by gender. Photo by
Claudio Delgadillo Moya, with permission.

Figure 128. Tropical Andean forest.
Rengifo, through Creative Commons.

Photo by Samuel

Physiological adaptations necessarily include tolerance
to desiccation and in some cases resistance to drying.
Akande (1985) found that the corticolous liverworts
Frullania spongiosa (see Figure 72) and Mastigolejeunea
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florea (see Figure 132) had higher osmotic potentials than
the mosses Stereophyllum nitens (see Figure 133) and
Calymperes palisotii (Figure 134) in his Nigerian study.
This potential increased from wet to dry season,
presumably making it easier for them to extract water from
dew and fog.

Life Cycle Strategies

Figure 133. Stereophyllum wightii; S. nitens has a low
osmotic potential when compared with Mastigolejeunea florea.
Photo by Michael Lüth, with permission.

Understanding the climate and soil parameters that
define the bryophyte distributions is just a beginning of our
understanding of the limitations of distribution. The
physiology and reproductive biology of the bryophytes are
likely to be major factors in their distribution. Maciel-Silva
et al. (2012) examined reproductive performance as
influenced by elevation in both monoicous and dioicous
bryophytes in the Brazilian Atlantic rainforest. They
sought to separate effects of reproductive strategy from
effects of habitat. Using 11 species of bryophytes, they
measured reproductive performance of sexual branches, sex
organs, fertilization, and sporophyte production at sites
from sea level to the montane region during 15 months. As
is typical, monoicous bryophytes had the highest
reproductive performance, with more sexual branches,
fertilized eggs, and capsule production. At sea level,
bryophytes produced more sexual branches and had more
female-biased sex ratios than did those in the montane site.
Nevertheless, the sporophyte frequency was similar
between sea level and montane zones. Fertilization
occurred mostly during periods of heavy rains (October to
December). But habitat is also important in influencing
life-history differences.
The high production of
reproductive structures early in the reproductive phase
seems to compensate for the female-biased sex ratios and
low fertilization rates. Maciel-Silva and Valio (2011)
found similar phenological characteristics in the
reproduction of bryophytes from sea level and the montane
region of Brazil.
Santos et al. compared monoicous vs dioicous species
numbers at five elevations at Serra do Mar State Park,
Brazil. The pattern is interesting because the ratio of
dioicous to monoicous is highest at sea level, then drops,
and again rises at 1200 m (. This ratio is even more
pronounced for liverworts than for mosses. The monoicous
condition increased with elevation except on the
mountaintop (1200 m). The researchers suggested that
asexual reproduction may permit species to live in
conditions that are unfavorable to fertilization, particularly
for dioicous taxa.

Figure 134. Calymperes palisotii, a species with a low
osmotic potential when compared with Mastigolejeunea florea.
Photo by Scott Zona, with permission.

Figure 135. Dioicous-monoicous comparison for bryophytes
at five elevations at Serra do Mar State Park, Brazil. Modified
fom Santos et al. 2017.

Figure 132. Mastigolejeunea auriculata; M. florea is a
leafy liverwort that uses high osmotic potentials to maintain
hydration. Photo by Blanka Aguero, with permission.

Chapter 8-8: Tropics: Elevation

Frey et al. (1995) examined the life strategies of
epiphytic bryophytes on an elevational gradient from
tropical lowland and montane forest, ericaceous
woodlands, and the Dendrosenecio (Figure 136-Figure
137) subpáramo of the eastern Congo basin and adjacent
mountains as part of the BRYOTROP expedition. They
identified three strategies: colonists, perennial shuttle
species, and perennial stayers. But only the perennial
stayers seem to be important, an indication of the more
constant ecological conditions and long-lasting microsites
for epiphytes. These conclusions were based on both
sociological investigations and determination of mean
percentage cover values in each of the life strategy
categories. In the tropical lowland and lower montane zone
forests the perennial shuttle species and perennial stayers
with moderately low or low sexual and asexual
reproductive effort are most common. This strategy is
suitable for the high temperatures and humidity levels in
these zones. In the montane rainforests and cloud forests of
the upper montane zone, the perennial shuttle species is
still dominant, but has high asexual reproductive activity
using propagules and clonal growth. In the secondary
forests of this zone and in the ericaceous woodlands and
subpáramo of African volcanoes (Figure 138), the
perennial shuttle and perennial stayers are dominant,
using high levels of sexual reproduction and producing
sporophytes regularly here and in the subalpine-alpine
zone. Such a strategy is typical for epiphytes under xeric
conditions. Thus, life cycle strategy seems to be important
as an adaptation to the changing conditions that arise with
elevational change.
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Figure 137. Dendrosenecio, a genus in the subpáramo of the
eastern Congo basin. Photo through Creative Commons.

Figure 138. Páramo on Mt. Cameroon old lava flows. Photo
by Amcaja, through Creative Commons.

Figure 136.
Dendrosenecio, a genus typical of the
subpáramo of the eastern Congo basin, Rwenzori Mountains
National Park, Africa. Photo by Agripio, through Creative
Commons.

In the Neotropics, Batista et al. (2018) studied life
forms in the humid forest of Chapada do Araripe, Ceará
State, Brazil. This region experiences seasonal rainfall.
The predominant life forms are the desiccation-tolerant
turfs and intermediate mat and weft (67%) life forms
(Figure 139). Few low-tolerance species (3%) were
present. Turfs were further divided into turf and sparse
turf. Mats also included thallose mats. The monoicous
life strategy predominated (67%), with 75 % of those with
asexual reproductive means (gemmae, regenerating
fragments, and caducous leaves) being dioicous species
(Figure 140).

Figure 139. Number of species in the represented life forms
in the humid portion of northeastern Brazil. Modified from
Batista et al. 2018.
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Figure 140. Sexual vs asexual reproductive strategies in the
humid portion of northeastern Brazil. Modified from Batista et al.
2018.

Batista et al. (2018) also examined substrate
preferences. Bark epiphytes were by far the most species
rich (Figure 141). Some preferred rocks or soil, but the
number without any substrate preference was large,
exceeded only by bark species.

Figure 141. Numbers of species with substrate preferences,
on tree bark, rocks, soil, leaves, and on decaying tree trunks in the
humid portion of northeastern Brazil. Species that colonize more
than one type of substrate (two types) and those that do not
demonstrate any preference (without). Modified from Batista et
al. 2018.

Silva et al. (2014) found that mean dirunal temperature
range explained habitat suitability for 9 of the 10 indicator
species they used from the Brazilian Atlantic Forest. This
can explain the elevational distribution of bryophytes.

submontane forest, upper lower montane forest,
montane forest, and subalpine forest, mimicking the
zonation patterns of tracheophytes and correlating with
temperature and available moisture.
Bryophytes,
therefore, serve as good indicators of the zones.
In southeastern Brazil, dioicous species
predominate in all elevations, with the smallest
dioicous:monoicous ratio at mid elevations. Endemism
increases with elevation, but in some locations,
endemism can be very low. The highest elevation
records of bryophytes are mostly in the tropics. The
greatest species richness typically occurs below the
alpine zone. The α diversity in the Andes is typically
similar, but β diversity and γ diversity in the Andes
are much greater.
Species presence and percent cover seem to be of
equal importance in distinguishing bryophyte zones.
These are highest in the condensation zones. Higher
elevations tend to have more moisture and greater
species richness. At low elevations, light intensity
barely exceeds the light compensation point, greatly
limiting productivity. This problem is exacerbated by
the high temperatures, as supported by transplant
studies. Mosses do not support Rapoport’s elevational
rule (prediction of trends of increased elevational
ranges of plants with increase in elevation). It is likely
that genetic races will emerge as we examine molecular
data for the species that occur in multiple zones.
Both abundance and biomass of epiphytic
bryophytes increase from the lowlands to the treeline.
Both low and high water content severely limit
photosynthesis. Perennial stayers and perennial
shuttle species predominate throughout the elevations,
but life forms change from mat forms of the lowlands
to dendroid, pendent, fan, and weft forms that can
extract moisture from fog in higher elevations of the
montane. Cushions become common in the alpine
zone. Sea level bryophytes may produce more sexual
branches and have more female-biased sex ratios than
do those in the montane zone. The perennial shuttle
species is still dominant in the montane zone, but has
high asexual reproductive activity using propagules and
clonal growth.
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